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SPECIFICATION 

The present application is a continuation of U.S. Patent Application Serial No. 
09/650,319, filed August 29, 2000, which is a continuation-m-paxt of U.S. Patent 
Application Serial No. 09/212,579, filed December 14, 1998, which is hereby 
incorporated by reference as if fully set forth herein. 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
Thepresent invention relates to the extraction of copper from hypogenic 

copper sulfide bearing ores and concentrates. 

2. Background 

Hypogenic copper sulfides are an economically important sources of copper. 
Hypogenic deposits are fonned by ascendmg solutions carrying high levels of metal 
l5 ionsatfaulyWghtempemmr^upmSOW As these solutions cool, metal sulfides 
axe deposited as e^alnzed ore minerals as me solutions move up toward fce Earth's 
surface. As a resuh, hypogenic deposits are characterized by metal sulfide bearing 
veins or irregular masses formed within fractures in the country rock. Within these 
oogenic deposiu.avarietyofbypogenic copper sulfidesmay be found depending 
20 on«hechemicalcompos.«ionof,heascend»gsolunon. Some of hypogenic copper 
sulfides found in hypogenic deposits are chalcopyrite, bomite, enargite, tettahedrite. 
and tennatite. Hypogenic copper sulfides are also sometimes referred to an primary 
niched copper sulfide minerals. The ascending solutions may also eventually reach 
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the surface and appear as hot springs. In these situations, the solutions generally 
become diluted with ground water and thus have lower metal ion levels. As a result, 
the metal ions in these hot springs typically precipitate out as metal sulfate salts over 
time. In addition, the copper sulfide minerals that are formed above the water table 
5 ma y become altered over time by oxidation to sulfates by the circulation of air, water, 
and bacteria. These soluble metal salts are subsequently carried away in solution by 
the downward moving ground water. As the ground water moves to the oxygen 
deficient lower levels a secondary enrichment can take place. The copper-bearing 
solutions react with the existing chalcopyrite and other hypogenic sulfides such as 
10 horrrite, enargite, tetrahedrite, and tennatite to form new copper sulfide minerals. The 
ttew minerals formed by the descending solutions are sometimes called supergenic or 
secondarily enriched copper sulfide minerals. The supergenic copper sulfides - or 
secondary enriched copper sulfides as they are sometimes referred to - are higher in 
copper and are charactenzed by the minerals covellite and chalcocite. They are also 
15 more readily oxidizeable copper sulfide minerals than the hypogenic copper sulfide 
minerals. These supergenic copper sulfide minerals are generally located below the 
oxidized zone and the water table and above the lower grade of primary sulfide ore. 

Chalcopyrite is economically the most important hypogenic copper sulfide 
mineral, as well as the most economically important source of copper overall. 
20 Presently, smelting technology remains the primary technology for recovering copper 
from chalcopyrite. Smelting chalcopyrite, however, has a number of drawbacks. 
These include sulfur dioxide gas emissions which are environmentally unacceptable, 
large production of sulfuric acid even though there presently exist only a limited 
market for sulfuric acid in most areas, and expense. As a result, alternative methods 
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for recovering copper from chalcopyrite, as well as other hypogenic copper sulfides, 
that are more environmentally friendly and less expensive have been sought for a 
number of years. 

A number of alternatives that have been investigated for recovering copper 
5 from chalcopyrite and its ores have included hydrometallurgical processes. 

HydrometaUurgical processes have long been used to recover copper from oxide ores. 
These processes typically involve sulfuric acid leaching of the oxide ore, copper 
separation from the pregnant leach liquor by solvent extraction techniques and 
recovery of metallic copper from the strip liquor by electrowinning. These techniques 
10 have not only demonstrated an ability to recover copper at a competitive cost 

advantage over most smelting processes, but the election copper produced in such 
processes is also now fully competitive in terms of quality with electrorefined copper 
produced by the town smelting and refining techniques. Presently, however, a 
commercially viable hydrometallurgical process for the recovery of copper from 
15 chalcopyrite, and other commercially important hypogenic copper sulfide minerals, 
has remained elusive despite extensive research efforts to develop such a process. 
The development of a hydrometallurgical process for the direct leaching of 
chalcopyrite either by chemical or biological means has been continuously sought for 

more than twenty years. 
20 The direct leaching of chalcopyrite and other hypogenic copper sulfide 

nunerals in sulfuric acid solution poses a variety of problems. At temperatures below 
the melting point of sulfur (approximately 118°C), the rate of copper dissolution has, 
to date been uneconomical^ slow. At temperatures above the melting point of sulfur 
the chalcopyrite and other hypogenic copper sulfide minerals are passivated by what 
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is believed to be a layer of elemental sulfur which forms over the unreacted sulfide 
particles. This again renders the extraction of copper uneconomical by tins process. 
Other leaching systems that have been studied over the years for the extraction of 
copper from chalcopyrite on laboratory or puot scale include systems employing 
5 concentrated solutions of ferric chloride or anunofliacal ammonium as lixiviauts. 

Efforts to bioleach chalcopyrite and other hypogenic copper sulfides on a 
commercial scalehave also proven unsuccessful to date. Hypogenic copper sulfides 
such as chalcopyrite are notoriously difficult to bioleach even though bioleaching is 
now used as the principal production approach to extract copper from supergemc 
10 copper sulfide minerals such as chalcocite and covellite at several mining operations 
around the world- 

Stirred tank and heap biooxidation processes that have employed mesophiles, 
such as ThiobacUlusferrooxidans, the most commonly used microorganism for 
biooxidizing sulfide minerals, have largely been unsuccessful due to the slow leach 
kinetics of chalcopynte and other hypogenic copper sulfides. The slow leach kinetics 
and incomplete biooxidation of chalcopynte and other hypogenic copper sulfides are 
often attributed to the formation of an inhibiting or passivation layer that forms on the 
surface of these copper sulfides as they oxidize. A number of different additives have 
been used in an attempt to increase the dissolution of copper from chalcopyrite, 
presumably by disrupting the i*,^*^. Tb*^™^^** 
such as Ag^SO,, Bi(NO,), graphite, and other sulfide minerals. Any 
biohydrometallurgical process for treating hypogenic copper sulfides such as 
chalcopyrite, therefore, will have to address the problem of this surface layer. Studies 
of the problem have led to several theories concerning the nature of the inhibiting 
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layer. 

One theory is that a jarosite coating forms on the surface of hypogenic copper 
sulfide, as they are leached. Jarosite is formed in the presence of sulfate and ferric 
iron, in environments in which the pH increases to ahove about 1.8. However, high 
5 concentrations of jarosite constituent molecules (sulfate, ferric iron, ammoniun, or 
potassium) will lead to jarosite formation at lower pH. The presence of jarosite in 
analysis of bioleached chalcopyrite supports this theory. However, experiments 
performed by the present inventors that show slow leaching even at low constituent 

. j nH as well as reports in the literature, contradict this 
molecule concentration and low pri, as wen ^ ^ 

10 theory. 

Another theory is that elemental sulfur produced during bioleaching forms a 
thick blanket that excludes bacteria and chemical oxidants from the surface of the 
hypogenic copper sulfide minerals. The detection of large amounts of sulfur in 
bioleached chalcopyrite supports this theory. In addition, many electron micrographs 
15 haveshownathicks^c.atmgonleachedchalcopyrite. This theory, however, 
does not adequately explain why other metal sulfides that also form sulfur when 
leached do not leach as slow as chalcopyrite. 

A third theory proposes that the inhibition is caused by the formation of an 
intermediate sulfide passivation layer. It is believed that this passivation layer is less 
20 reactive than the original hypogemc copper sulfide and may also inhibit the flow of 

electrons and oxidants to and from the hypogenic copper sulfide. The exact nature of 
this passivation layer is complex and is the subject of scientific debate. However, 
there is good agreement among the data in the literature that the passivation layer is 
unstable at higher temperatures. For example, it has been found that temperatures 
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v u «„ct, tn minimize the passivation of chalcopyrite daring 
above about 60°C are high enough to minimize ui y 

leaching. 

Experiments with leaching a, higher temperatures by both chemical and 
biological means have shown accelerated ieachmg of chalcopyrite. Chemical 
5 .caching done a, over 1WC however, requires expensive pressure reactors. 

Biological .caching is Unuted ,o me temperature limits of microorgamsms the, ere 
capab.e of oxidizing metal sulfides or oxidizing fer^us to feme. Some examp.es of 
^roorganisms ca P ah.e of oxidizing fenous, metal sondes, and e.emen,al smftr in 
environments above 60°C inc.nde: JM— A— »*~ ■ 

,0 *(H*— *— « SulfolotmBC. 

maaU icus. However, mere are a.so omer extreme rhermopbiles ma, can grow and 
leanh metal anlfides at temperatures above about 60°C. 

Steed tank processes utffizing termopbiles have resulted in faster 
bioleaebing of chalcopyrite than drose using meso P hi.es have or moderate 
15 rbermophnesbave. Indeed, various microorganisms have been used in steed tank 
processes to leaeh chalcopyrite concentrate in less man 10 days leaching rime 
However, the high temperanne required for rapid leaching of chalcopyrite, as well an 
omer hypogenic copper suindes, increases the mass transfer limitations of oxygen and 
c^on dioxide in the system. This m turn has placed sever. lunhauons on the pulp 
20 ^tymatc^beusedmrnesesu^^pr-easesduetomehighoxygen 

foments of me memtoplnles and the oxidation reaction occurring on me surface 
of me chalcopyrite during leaching. Thus, even though rhe bioleaching process car. 
be completed in .ess ton 10 days in a stirred tank process, the high operating and 
capUa. costs associated with opemttng a plan, a. <h= low pulp densities necessary to 
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satisfy the oxygen requirements of the system have prevented the commercial 
implementation of stirred tank bleaching for chalcopyrite concentrates, as well as 
for concentrates of other hypogenic copper sulfides. 

If an effective heap bioleaching process could be developed for hypogenic 
5 copper sulfides, such as chalcopyrite, it would have the potential of operating at a 
lower cost than tank bioleaching of concentrate or pressure leaching of either 
concentrate or ores of hypogenic copper sulfides. Thus, heap leaching of hypogenic 
copper sulfides would be the preferred low cost procedure if a process could be 
developedto extract a high percentage of the copper in a matter of months. Theuse 
10 of thermophiles in a pilot scale heap leaching process is reported in Madsen, B. and 
Groves, Percolation Leaching of a Chalcopyrite-Bearing Ore at Ambient and 
Elevated Temperatures with Bacteria, 1983, Bureau of Mines. However, the process 
described in this paper was unable to achieve satisfactory recoveries in a reasonably 
short period of time and thus is not commercially viable- There have also been other 
15 reports of heap bioleaching processes reaching temperatures above 60°C However, 
these too have not been commercially viable for extracting copper from chalcopyrite 
ores. The failings of all the reported heap bioleaching processes for chalcopyrite ores 
is that they have all generally taken over one year to leach and recover less than 50% 
of the copper in the chalcopyrite. The reasons for this are not entirely clear. 
20 However, the present inventors have determined that there are several factors that 
have acted together to prevent successful heap bioleaching of chalcopyrite ore. The 
first is that the heaps that have eventually reached a temperature of 60°C or higher 
have taken a long rime to build up enough heat to reach such high temperatures. As a 
result, once a temperature of 60*C is reached, the amount of exposed sulfide mineral 
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U» *~e, in *e « of larger ore pnrfides, such - .hose over about 2.5 
an. no, enough of dre copper sulfides in dm ore are exposed ro rhe leaching solution 

rt^m, the hiuh temperatures can also increase die 
to permit adequate recovenes. Finally, the tugir temp 

■ •....„ which can further slow the leaching. 

5 amount of ferric ion that prec.puates as jarostte, wwcn 

SUMMARY OF THE INVENTION 
The present invention is directed ,0 a high temperature bioleaehing process for 
ex«racdng copper Som biogenic copper sulfide beanng ores. More particular!,, the 
10 present invention is direcrad to providing a high temperature teaching process for 
meting a. leas, 50% of me copper ftom a heap comprising hypogeoic copper 
sulfide bearing ore in a period of about 210 days or less. 

AS used herein, hypogenic copper suffide bearing ores will be undersrood «o 
refer ,0 crushed ores, railings and concentrates containing one o, more hypogenic 
15 ^^denun^suchaacf^copyri^t^^enargi^^edri^and 

K nnan«. Cha.copyri,eore S will be understood «o refer to crushed ores, tailings, and 
concentrates containing chalcopyrite. 

A process according to one aspect of the present invention for extracting 
copper from hypogenic copper sulfidebearing ores comprises the steps of: a.) 
20 construcdngabeap comprising hypogenic copper sulfide hearing ore, the he*, 

inc.uding exposed sulfide minera! particles a, leas. 25 weigh, % of which comprise 
hypogenic copper sulfides, wherein the concentration of exposed sulfide miners, 
particles in the heap is snch drat tie heap contains a. leas, .0 Kg of exposed sulfide 
sulte per tonne of soUds in the heap, and wherein a, .east 50% of the .oral copper in 
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*e heap is in the form of hypogenic copper sulfides; b.) heating a substantial portion 
of the hesp to a temperature of at least 50°C; c.) inoculating the heap with a culture 
comprising at least one thermophilic microorganism capable of biooxidizing sulfide 
minerals at a temperature above 50°C; d.) heating the heap with a process leach 
5 solution compnsing sulfiuic acid and ferric iron; e) bioleaching sufficient sulfide 
n^eral particles in theheap to oxidize at least 10 Kg of sulfide sulfur per tonne of 
solids in the heap and to cause the dissolution of at least 50% of the copper in the 
heap into the process leach solution in a period of 210 days or less from completion of 
the heap; and £) collecting a pregnant process leach solution that contains dissolved 

10 copper as it drains from said heap. 

Preferably, a substantial majority of the heat required to initially heat the heap 
to temperature and to maintain the heap at temperature is derived from the 
bioleaching of sulfide minerals contained within the heap. 

In another aspect of the present invention, a high temperature heap bioleaching 
15 process for recovering copper from hypogenic copper sulfide bearing ores is provided. 
The process according to this aspect of the invention comprises the steps of: a) 
constructing a heap comprising hypogenic copper sulfide bearing ore, the heap 
including exposed sulfide mineral particles at least 25 weight % of which comprise 
hypogenic copper sulfides, wherein the concentration of exposed sulfide minerals in 
20 the heap is such that the heap includes at least 10 Kg of exposed sulfide sulfur per 

tonne of solids in the heap, and wherein at least 50% of the total copper in theheap is 
in the form of hypogenic copper sulfides; b.) heating at least 50% of the heap to a 
temperature of at least 60«C; c.) mamtaining at least 50% of the heap at a temperature 
of at least 60°C until at least 50% of the copper in the heap is dissolved; d.) 
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haocmatingtheheap withaculture comprising at least one thermophilic 
mi croor g anism capable of bioleaching sulfide minerals at a tempera^ above 60'C; 
e)irri g armgtheheapwithaprocess leach solution atarateof at least 72 

Uters/mVd^^ 

• . . n u: n i eac hine period of 210 days or less to oxidize at 
5 sulfide minerals are oxidized in a bioleaching per* 

*• „i;h c in the heap and cause the dissolution 
least 10 Kg of sulfide sulfur per tonne of solids in the neap 

- <*... fc M n into the process leach solution; g.) collecting 
of at least 50% of the copper in the heap into tne p 

heap during the bioleaching penod; and h.) recovering copper fiom the pregnant 
10 process leach solution. 

a »i,™. rt w«-tfi features and advantages of the present 
The above aspects and other objects, leatu^ 

. * *u^o» called in the art from the following 
invention will become apparent to those skilled in me an 

r a ~~u~Aimrr,u taken together with the accompanying 
description of the preferred embodiments taicen 
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20 


figures. 

BRIEF DESCRIPTION OF THE DRAWINGS 
Fig . 1 is a schematic illustration of a process flow chart according to one 
embodiment of the present invention. 

Figs. 2A-2D illustrate another method of practicing the present invention. 
Fig. 3 is a chart iuustrating the estimated percent of copper and iron leached 
for Example Iwhich illustrates certain principles of the present invention. 

Fig . 4 is a chart illustrating the estimated percent of copper and iron leached 
for Example 2 which illustrates certain principles of the present invention. 

Fig. 5 is a chart illustrating the estimated percent of copper and iron leached 
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for comparative Example 3. 

Fig . 6 is a char, illustrating the estimated percent of copper and iron leaned 
for Example 4 which illustrates certain principles of the present invention. 

Rg. 7 is a chart illustrating the estimated percent of copper and ton leached 
5 for Example 5 which Hlusttates certain principles of the present invention. 

Fig. 8 is a chart illustrating the estimated percent of copper and ton leached 
for Example 6 which illustta.es certain principles of the present invention. 

Rg . 9 is a char, illustrating me estimated percent of copper and ton leached 
for Example 7 which illustrates certain principles of me present invention. 


10 


15 


20 


DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 
The present invention improves the heap bioleaching of hypogenic copper 
sulfides hy providing a method of accenting the ra,e of bioleaching in ,he heap and 
increasingmep^cenugeofcopperleachedttommeheap. Theinttodnctionofan 
adequate fuel value into me heap during me heaps' eonsttucrion is an importan. aspect 
of me high temperance heap bioleaching process of the present invention. The fuel 
component cat, be in me form of hypogenic copper suflides, pyri.e, snpergenic copper 
suifides and omer sulfide minerals that generate a large amoun, of hea, energy when 
Mooxidized. Hypogenic copper sulfides ma,»ay be included in .he heap melude, for 
example, chalcopyrne. bomile, enargi.e, tettahedrUe, and «ennati.e. Snpergenic 
copper sulfides mat may be included in the heap include, for example, ehalcoeire and 
covellite. 

The heat is generated by the exothermic oxidation reactions that occur daring 
biooxidation of these fuel values. A significant portion of the sulfide fuel material, 
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MM must be exposed » the air, water, and biooxid*ng -rncroorganisms or 
ferric ion wUhan are heap ro ensure «ha. an adequate amount of heat ean be generared 
„ a sufficiendy shortperiod of rime to supply a subs.anual portion of Are hen, 

to malumm fte heap a, a .empera.ure above about 50»C while dre Isogenic 

5 copper sulfides in the heap are bioleachcd. 

tfsufficien. fuel values are no. present, <he heap cannot be maintained at a 
reurperarure above 50-C while biooxidarion of .he hypogenie copper adfidea proceeds 
^fcou. provirhng subsmnrial amount of hea. fronr an errtema! source, which would 
make me process economically prohibirive. The process will typically be economical 

1 • *v»^« that is those sulfide mineral particles that 
10 if the exposed sulfide minerals m the heap, that is tnose 

. , • • ~a ~r «v.™it 210 davs or less, contain at least 10 Kg of 
can be biooxidized m a penod of about 2 iu oays 

at least 10 Kg of exposed sulfide sulfur per tonne of solids in the heap. Tins 
coucentrafionofsulfide sulfur translates to a heat value of approximately 5 0> 000 
15 Kcal/tonneofsolidsuponoxidafion. ^ s is based on the fact that the standard free 
energy chauge for the oxidation of pyrite by the reaction in accordance with equation 

(1): 

FeS 2 +3.50, + H 2 0 - Fe» + 2S<F + 2H * (D 
is approximately 1440 KJ. Furthermore, although the standard free energy change for 
20 the various other sulfide minerals is different, because the heat of formation of each 

mole of sdt accounts for the majority of the change in standard free energy for all of 
these reactions, one can assume that the change in standard free energy for the 
oxidation reactions of the other sulfide minerals is approximately the same. It can be 
assumed, therefore, that for each mole of S 2 oxidized, approximately 1440 KJ of 
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energy will be released. Thus, if a heap contains 1% by weight sulfur in exposed 
sulfide minerals, or 10 Kg of exposed sulfide sulfur per tonne of solids, it contains a 
potentially useful fuel value of approximately 50 ,000 Kcal per tonne of solids in the 
heap. 

5 Obviously the higher the concentration of exposed sulfide minerals contained 

within the heap the greater the potentially useful fuel value of the heap will be and the 
less heat that will need to be supplied by a* external source. If the concentration of 
exposed sulfide minerals in the heap is sufficiently high, the fuel component of the 
heap will be such that the heat generated upon oxidation will be sufficient to heat the 
10 heap to a temperature above 50°C and to maintain the heap above 50°C while 
biooxidation of the hypogenic copper sulfides proceeds. 

A high temperature heap bioleaching process for extracting copper from 
hypogenic copper sulfide bearing ore according to the present invention is 
schematically illustrated in Fig. 1 . According to the process, a heap 20 is constructed 
15 with a hypogenic copper sulfide bearing ore, such as a chalcopyrite bearing ore. It is 
desirable for heap 20 to be at least 2.5 m high and at least 5 m wide so that the outer 
extremities of the heap will help insulate the inner portions of the heap. Typically 
heap 20 will have larger dimensions to make the processes as economical as possible. 
For example, heap 20 will typically have a height of at least 3 m and a width of at 
20 least 10 m. The length of heap 20 will typically depend on the limitations of the site 
on which the heap is constructed, but generally heap 20 will be substantially longer 
than it is wide. 

Although the foregoing dimensions have been provided as guidelines, those 
skilled in the art will recognize that the dimensions of heap 20 can vary significantly. 
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Furthermore, the heap does not have to be rectangular as illustrated in Fig. 1 , but can 
also be circular or any other shape desired or perhaps required by the limitations of 
the site at which the process will be carried out. 

When completed, heap 20 will generally contain at least 4% by weight water. 
5 Preferably heap 20 will include 7% or more water by weight. However, the more 
water contained within heap 20, the greater the amount of heat required to heat heap 
20 to a temperature above about 50°C where active biooxidation of the hypogenic 
copper sulfides in the heap begins. For example, a heap that contains 7% water by 
weight will take approximately 3,500 Kcal of heat to heat the water in the heap from 
20°C to 70°C for each tonne of solids in the heap. Whereas a heap that contains 10% 
water by weight will take approximately 5,000 Kcal of heat to heat the water in the 
heap from 20°C to 70°C for each tonne of solids in the heap. Moreover, the specific 
heat of water is greater than that of ore. Thus, it is desirable to maintain the water 
content of the initial heap at a level that does not exceed about 15% water by weight 
of solids in the heap. Water can be added to the heap during formation of the heap or 
following completion of the heap while conditioning it in preparation for the 

bioleaching process. 

As noted above, heap 20 must also include exposed sulfide mineral particles. 
The concentration of exposed sulfide mineral particles in heap 20 must be such that 
20 the heap includes at least 10 Kg of exposed sulfide sulfur per tonne of solids in the 

heap. To improve the performance of the present process, however, the concentration 
of exposed sulfide mineral particles is preferably such that the heap will contain at 
least 30 Kg of exposed sulfide sulfur per tonne of solids in the heap. With appropriate 
heap design considerations, as will be discussed in more detail below, the 
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concentration of exposed sulfide sulfur can reach levels of 40 to 90 Kg per tonne of 
solids in the heap or even higher. Thus, even more preferably the concentration of 
exposed sulfide sulfur is at least about 45 Kgpextonneof solids. 

As used herein, exposed sulfide mineral particles will be understood to be 
5 those sulfide mineral particles that are exposed to the air, water, and biooxidizing 
microorganisms or ferric ions within the heap so that they can generally be 
biooxidized within a period of 210 days or less. The sulfide sulfur in these exposed 
sulfide mineral particles is referred to as exposed sulfide sulfur for purposes of the 
present application to distinguish it from other sulfide sulfur that may be in the heap 
l0 but due to its occlusion, in gangue material for example, its fuel value is not available 
to the heap in a reasonable biooxidation period of 210 days or less. 

Typically the majority of the exposed sulfide mineral particles within the 
preferred heap designs of the present invention will be finely ground and have a 
particle size of 250 um or less, and preferably a particle size of less than about 107 
15 um. However, exposed sulfide mineral particles can also be present in larger ore 
particles that may be found in the heap. This is because some fraction of the sulfide 
mineral particles contained within larger ore particles will typically reside on the 
surface, or close enough to the surface, of the ore particles to permit access of the 
necessary components for oxidation to occur, namely air, water, and biooxidizing 
20 in^at^m^^'V^rt^ 210 ^" 1 ^ As those skilled in 
the art will appreciate, finer ore panicles will typically have more exposed sulfide 
mineral particles than coarser ore particles. 

While the exposed sulfide mineral particles in the heaps of the present 
invention will typically include a variety of sulfide minerals. A minimum of about 25 
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! ™„«>«.l narticles in the heap should comprise one or 

weight % of the exposed sulfide mineral particles 

mW e hypogeorc cop P? r sulfides. Desirably, - >— 25 «-* % <* 
^deminera, payees in the heap is in me fonn ofehateopyrile More preferably 
ft. hyp.ge.ic ccpper sulfide taction of the »ufid* mineral prick, in Ac heap is to 
5 toerangeofaboutBO^Oweighr-A. mremainderofmesuifidemm.ralparfio.es 

• . ~ r*.fldilv biooxidizeable sulfide minerals 

within heap 20 preferably comprises more readily mwwu 

•e ™h oaneraenic cooper sulfides, such as chalcocite > and 
such as pyrite, arsenopynte, and supergemc copp 

covelUte. These less recalcitrant sulfide minerals provide an important fuel 
component to the heap, which may he used to heat heap20up to temperature and help 
ma intain the heap at temperature while bi o.xidanon of me chaicopynte and/or other 
hypogemc copper sulfides proceed, The presence of these other less recalcitrant 
sulfide minerals is also desirable because they increase the galvanic leaching of the 

^ „„i«/i#>«; in the heap. Thus, in constructing 
chalcopyrite and other hypogemc copper sulfides in me ne p 

♦ • ,»r,ri rt r, it is desirable for at least a portion of the exposed 
the heaps of the present invenUon, it is aesiraDie 

sulfi de miners! particles to comprise one or more less reculcnran. sulfide minerals 
such as pyrite. arsenopyrire, covelli.., and chalcoeite. The invention, however, oa„ be 
practiced wrO. np to 100% of Ore sulfide minerals in me heap being one or more 
hypogenie copper sulfides, such as chalcopyrite, bomite, enargire, retfahedrire, and 
tenxiatite. 

Because supergenic copper sulfide minerals such as chalcocite and covelUte 
c^bereamlybioleachedusingmesophiles such as Thiobacillusferrooxidans the 
present high temperature process is not as economically justified for processing these 
copper sulfide minerals alone. Accordingly, at least 50% of the copper in heap 20 
should be in the form of one or more hypogemc copper sulfides, such as chalcopyrite, 


15 


Received from < 2139550440 > at 4/30/02 1:53:09 PM [Eastern Daylight Time] 


10 


Apr-30-02 1.1:05am F rom-L VON & LYON 2139550440 T-539 P. 025/104 F-641 

Patent 

Express Mail No. EL 740*-rf036 US '" 256/24g 

s0 m hypogenic copper sulfide nunerals axe the primary source of copper in the 
heap. Preferably at least 80 * 90% of the copper in dr. heap is in tire form of one or 
more hypogenic copper sulfides to maximize the amount of recalcitrant copper sutfde 
^erelma.ena.iha.iabemgpreces.edmflreheapand.hnsttreecononncben.firof 

5 practicing the present invention. 

Heap 20 may be produced using any of the techniques known in me art for 
producing heaps for leaching so long as the above parameters are satisfied for the 
completed heap. By way of example, me heap may be constructed by smoking run- 
of-the-mine ore to form aheap. Preferably, however, me ore is crushed to a particle 
size of 00% passing 2.54 cm. Alternatively, me crashed ore maybe agglomerated 
prior to stacking ro improve air and liquid flow within me heap as is known in the art. 
Fmthennore, a su!fide mineral concentrate may be added ,0 the heap to increase the 

potentially useful fuel value of the heap. 

A preferred method for fonning heap 20 is desenbed in U.S. Patent 5,766,930, 
,5 U.S. Patent No. 

5,766,930 describes the construction and operation of large surface bioreactors that 
are particularly well suited for practicing the present invention. 

Thus, for example, heap 20 may be constructed by crushing a hypogenic 
copper sulfide hearing ore that is to be bioleached, such as a nm-of-the-rxnne 

20 ^^^^^^^^^^^^^^^^ 

less than 12.7 mm. The fines fraction, for example the fraction that is less than about 

3 mm, is then removed to ensure adequate ah: flow within the final heap. The 

plurality of crushed coarse ore particles are then coated with a concentrate of sulfide 

serais having a particle size of less than 250 urn, and preferably less than about 107 


17 
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.m. Theconcentrare comprises at M one hypogcmc copper sulfide miner*, such as 
chafcopyrite. la addition, Ure concentrate also prefer* -tains on. ore nrore .ess 

bribed above, however, because * of Ore suffide mineral partic.es in tire 
5 concentrate are considered exposed suUrde mineral particles, a, .east 25 weigh, % of 
ft. won sulfide mineral content in the concentrate should be in tire fern, of one or 

,i«,4« Tt iq desirable however, for at least 25 weight % of 
more hypogenic copper sulfides. It is aesiraoie, n 

the total sulfide mineral content in the concentrate to be in the form of chalcopyrite. 
The concentrate may be coated onto the substrates using a variety of 
10 teclurique^clu^ The thickness of 

tneconcenn-a* coating on the coarse ore is preferably less man ! mm to ensure that 
the microorgamsms being used m the biole,ching process have adequate access to all 
ofmesmfidemmeralparriclesintheconcentrate. Tmclcer coatings will increase the 
capacityoftheheapbioreactor, but the rate at which the bioleaching process advances 
15 will likely be slowed due to decreased access of the nncroorganisms being used to me 
underlying sulfide mineral particles in the concentrate. To make full use of the 
capacity of the heap bioreactor while ensuring adequate microorganism access, the 
thickness of the concentrate coating should be greater than about 0.5 mm and less 
than about 1 mm. This will generally translate to a concentrate loading of 
20 a P proximately9to30weightpercent. Typically the concentrate loading on coarse 
ore will be about 10 to 15% of the weight of the coarse ore substrates. This is 
generally enough, however, to create me heat necessary to nose the temperature of the 
heap up to the temperature optimum for the extreme thermophiles capable of 
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oxidizing iron and bioleaching hypogenic copper sulfide minerals, such as 
chalcopyrite, ai temperatures above 50°C. 

By coating the coarse ore with about ten weight percent of a chalcopyrite, or 
other hypogenic copper sulfide concentrate, the coated ore will typically include at 
5 leastSOKgofexposedsulfidesulfurpertonneofore. It will be appreciated by those 
slrilled in the art, therefore, that the coarse ore should be coated with as much 
concentrate as possible and the concentrate should include as much sulfide minerals 
as possible to maximize the amount of exposed sulfide mineral particles in the 
completed heap. For example, if a typical concentrate that contains at least 30 weight 
10 % sulfide sulfur is coated onto the coarse ore at a loading of 10 weight % the 
concentrate coated ore will contain at least 3% exposed sulfide sulfur, which 
translates to apotential fuel value of approximately 150,000 Kcal/tonne or ore. On 
the other hand, if 15 weight % of the concentrate is coated onto the coarse ore support 
than the heap will contain at least 4.5% exposed sulfide sulfur, which has a fuel value 
15 ofapproximately 225,000 Kcal/tonneof ore. Fmally, if 30 wdght percent concentrate 
can be coated onto the coarse ore substrates, the heap will contain at least 9% exposed 
sulfide sulfur, a fuel value ofapproximately 450,000 Kcal/tonne of ore. 

The use of uniformly coated coarse ore substrates that have a maximum 
particle size of 2.5 cm, and preferably less than 12.7 mm, ensures adequate exposure 
20 of the chalcopyrite mineral in the coarse ore support material to the oxidizing 

solutions containing ferric and cupric ions and to the microorganisms capable of 
converting ferrous ions to ferric ions that aid in the leaching process. Use of coarse 
support ore that is smaller than 2.5 cm and larger than 3.0 mm also results in a heap 
design that permits adequate loading of fuel values in the form of a sulfide mineral 
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concentrate into *e heap while ensuring adequate liquid and air flow within the heap 
and exposure of the sulfide mmeral concentrate to the oxidizing environment of the 
heap. Therefore, when the concentrate coated coarse ore particles having the above 
characteristics are stacked to form a heap they provide a very large surface area 
5 bioreactor that is very efficient in terms of bioleaching the coated concentrate. Most 
of the highly exposed sulfide minerals in the concentrate will generally biooxidize in 
30 to 90 days. However, in the case of the most recalcitrant mineral sulfides such as 
chalcopyrite and other hypogenic copper sulfides, the leaching may be much slower 


10 


15 


20 


in comparison. 

The concentrate of sulfide mineral particles may be produced from the fines 
generated by crushing the hypogenic copper sulfide ore to a size less than 2.5 cm. 
Typically this will be the portion of theorethatis less than about 3.0 mm. The 
sulfide mineral particles m this fines fraction can be concentrated from the remainder 
of the fines by flotation or gravity separation or by a variety of other methods 
recognized by those skilled in the art. Removmg the minus 3.0 mm fraction of the ore 
is beneficial because if too many fines are present in the heap they can limit the flow 
ofliquid and afrwithin the heap. The fine ore could also consume unacceptable 
amounts of acid and thus lead to higher P H levels in the heap and more jarosite and 
ferric precipitation. 

In addition to using the hypogenic copper sulfide concentrate produced from 
the fines fraction of the ore, the coarse ore particles may be coated with hypogenic 
copper sulfide concentrates produced from other copper bearing ores. It also may be 
beneficial to mix in concentrates of other sulfide minerals with the hypogenic copper 
sulfide concentrate for the reasons described above. 
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Chalcopyrite concentrates made for the smelting process are generally 
separated from other sulfide minerals such as pyrite. The separation process can be a 
variety of methods recognized by those skilled in the art of mineral processing. The 
general purpose of this separation is to achieve high copper content for the 
5 economical smelting of the concentrate. Concentrates that are high in pyrite, and 

therefore, lower in copper are less economical to process by smelting. The separation 
processes used to achieve high concentrations of copper, however, increase the cost of 
producing copper. They also lower the overall recovery of copper. This is because 
the higher the concentration of copper one tries to achieve in the concentrate, the 
10 more copper that will necessarily be lost to the tails of the separation process. 

An advantage of the high temperature heap bioleaching process of the present 
invention, therefore, is that the concentrate added to the heap need not be as high a 
percentage of copper as is required for economical smelting. As described above, the 
presence of pyrite can accelerate the leaching of the hypogenic copper sulfides, such 
15 as chalcopyrite, in the treated ore through galvanic interactions. Moreover, the 

biooxidation of pyrite in the heap also provides a source of heat that can help raise 
and maintain the temperature of the heap in a range of 60 to 80*C, which in turn will 
promote the growth of extreme thermophiles and the faster leaching of hypogenic 
copper sulfides. Therefore, greater overall copper recoveries from a hypogenic 
20 copper sulfide ore body, such as a chalcopyrite ore body, can be realized with the 
present invention while simultaneously realizing a cost savings from not having to 
produce as high a grade of concentrate. 

Although the heap has been described above as being constructed using coarse 
ore particles as support, other materials may also be used as support for the 
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eoncentiam utthepresen, invention. For — P^*-— -ppon ma.ena! »a y b. 
^froothogronpconsistingofro^brict slag, and p.astic, Theeearse 
support may also comprise coax* ceramic panicles. If tire support ore is mck, as 

S support, including lava ruck, barren rock, and cmsicd copper ore. 

Madvanttgeoftutiogcoa^cualcopyrite or other hypogenie copper sulfide 
ereparticles as Ote support material is fitatthe bypogenic copper sulfides conned 

. , „ Qri ^ at least nartially biooxidized during the process, 
within this support material can be at least paraai y 

Ferthennore. dte coarse support material can be recycled a number of times through 
10 tteprocessbyremovmgmebic.^c.ncen^eandrecoamtgitvvimftesh 

concentrate, thereby resulting in even higher recoveries of copper from me coarse 

support. 

In addition, after the coarse ore support is processed through the process one 

a or,* thr remaining sulfide minerals contained therein 
or more times, it can be ground and the remaining 

, 5 separated using known techniques in the art to form a sulfide mineral concentrate. 
This concemrate can men be combined with other concentrate for renting on coarse 
„ support material and processing according to tie invention. 

Batren rock, such as granite, mat contains a small amount of carbonate may be 
heneficial in helping suppress the amount of iron removed in the pregnant leach 
20 Honor. Asmecarbon^mineralmmetockreec^wtmmeacidin.beprocessleach 
solution, it causes local pH increases resulting in the precipitation of iron. Aa a result, 
fteconcentmtion of copper in the final pregnant leach li q „or collected iron, fite heap 
and sen. to the solvent extraction plan, for copper recovery may be able to be 
tocrea s«d. This is due to the tact that solvent extraction plants can typically only 
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^ rtT , of ahmit 5 e/1 iron in the pregnant leach liquor 
handle a maximum concentration of about :> gairu* f *~ 

^ i_ „r n n«pH to selectively remove the iron. Thus, 
before special treatments must be performed to seiecuveiy 

without theprecip^^ 

the pregnant leach liquor must have lower concentrations of copper than otherwise 
5 mig htbepossibletoen^ 

the solvent extraction plant. 

Anther preferred heap design for practicing toe present invent™ is described 
.nU.S. Patent MM.717. which is hereby incorporated by reference. In accordance 

, MB ^ irt ^A removing all of the fine material from 
with this patent, a heap may be constructed by removu s 

,0 the hypogenic copper sulfide ore, for example tha, fraction of ore tat is less than 

ebon. 0.3 cm, and then adding a hypogenic copper sulfide bearing concentrate . the 

heap. This can he accomplished by distributing tire concentrate on the top of.be heap 

so that i. migra.es down torougb me heap during bioleaching or simply mixing ir in 

with the remainder of the ore durtog heap formation witirou, necessarily producing a 

U uniform coating of .he concenrrare ontoe coarse ore prior to heap formation. 

To fully utilize tire heat generated from the exothermic oxidation reactions thai 

wil, occur during biooxidation, me heap should be constructed to such a way to hold 

to as much heat as possible bu. also allow for me control of temperature so that the 

.emperature optimum for me biooxidiztag microorganisms is no, exceeded. This can 

20 he accomplished by covering tire heap with an insulating barrier .ayer 22 to hold to 

beat and water vapor. Instating barrier layer 22 may be a rare, plastic sheen, 

fiberglass insulation, a layer of crushed rock, or any of*, other insulating barriers 

known to the an. In the case of operations to cold climates it may be preferred that 

toe heap be built within an insulated walled enclosure to aid to maintaining toe heat. 
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m addition to covering the heap, the flow of process leach solution from 
emitters24down through the heap will transport heat from *e top of the heap to the 
bottomoftheheap. The movement of ah- up through the heap will transport heat up 
through the ore. Therefore, if both the flow of liquid and air can be controlled 

j - ^ m ^^ can be moved out of the heap either 

5 separately, the heat generated front the process can k mo 

tough the top of the heap tome form of water vapor or tough the bottom of the 
neap to toe form of ho. liquid. Alternative*, toe heat of reaction car, be held witoin 
the heap by balancing the flow of liquid and air. 

The heap preferably contains one or more temperature monitoring devices 
10 such as a thermocouple so rhat toe temperature profile of toe heap can be continuously 
monitored. Theplacementof several uremocouplestoughou, toe heap would be 
preferred to best control the temperature of the heap. 

After toe heap is constructed, a substantial portion of the heap needs to be 
heated ,o a temperature of at leas, 5 0'C, preferably a. leas, 60»C and even more 
15 prnferablyattea^C. The higher toe temperature of heap 20, toe faster toe 

biooxrdation of toe hvpog.nic copper sulfides, such as chaleopyrite, wiU proceed. By 
substantial 1, is mean, tha, nitimately a. leas. 50%, of toe heap should reach a 
temperature a, or above toe urge, temperature. Preferably at leas, 80% of toe heap 
„«! reach a temperature above toe tinge, temperature to maximize toe recovery of 
20 copper ftom the heap and toe recovery rate. 

Heap 20 should be heated to temperature as quickly aa poaaible. Tbia will 
help ensure Aat sufficient exposed suJfide minerals remain in toe heap once it tenches 
temperature to supply toe majority, if no. all, of toe hea, necessary «o maintain tire 
heap a. tempetore throughout toe high temperature biooxidation of the hypogerric 
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copper sulfides in the heap. Typically heating the heap to temperature within a period . 
of 45 days will he adequate to satisfy tins goal. However, heap 20 is preferably 
heated to temperature within a penod of 30 days or less to minimize the total time for 
the process to be carried out and to maximize the concentration of exposed fuel values 
5 remaining in the heap for bioleaching the hypogenic copper sulfides in the heap. As 
the amount of heat lost from heap 20 is time dependent, increasing heap 20 to 
temperature as quickly as possible will also help minimize the amount of heat lost 
from the heap during the biooxidation process. 

The heap may be heated to temperature by a variety of methods. In the event 
,0 of heap leaching operations in a cold chmate or when insufficient exposed sulfide 

Serais are available to add to the heap, an external source of heat such as hot liquid, 
steam or hot air may be added to the heap to start the process or to maintain the 
optimal temperature. For example, heated process leach solution may be pumped 
from reservoirs 26 to the top of heap 22 through process leach solution supply lines 
15 28 and 30. The process leach solution is then distributed over the top of heap 20 

through pressure emitters 24. Other means of distributing process leach solution that 
axe known in the art may also be used, including bagdad wigglers, sprinklers, 
wobblers, and flooding. The advantage of pressure emitters is that the amount of 
water lost due to evaporation is nunimized. Furthermore, the portion of supply line 
20 30 that runs along the top of me heap may be buried to further reduce evaporation and 
improve the insulation of supply line 30 in situations where the process leach solution 
niay be heated. 

Alternatively, heap 20 may also be heated by pumping steam or hot air 
through steam or hot air supply line 32 to perforated distribution pipes 34 buried in 
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the bottom of the heap. Supply line 32 and perforated distribution pipes 34 may also 
supply ambient air for purposes of increasing the oxygen and nitrogen levels in the 
heap as well as to remove heat from heap 20 should it become overheated. 

The heap must be inoculated with a culture including at least one thermophihe 
5 microorganism capable of bioleaching sulfide minerals at a temperature above 50°C, 
and preferably above 60°C. This may occur before or after the heap reaches 
temperature, or at any time during the bioleaching process to increase the amount of 
thermophilic microorganisms in the heap. 

A process leach solution is also applied to the heap during the bioleaching 
10 step, typically at a rate of at least 72 l/m 2 /day. The process leach solution helps 
maintain the appropriate conditions within the heap for bioleaching the sulfide 
minerals and carries away the soluble biooxidation products. In particular, as the 
copper sulfide minerals are biooxidized, the copper from these minerals is dissolved 
into the process leach solution, forming a pregnant process leach solution. 
15 Once a portion of the heap reaches at least 50°C, the thermophilic 

microorganisms in that portion of the heap will become active and begin to rapidly 
bfoleach the exposed hypogemc copper sulfide minerals and other sulfide mmerals in 
that region of the heap. This will produce additional heat which in turn will help 
increase the temperature of surrounding regions in the heap to above 50*C until 
20 ultimately a substantial portion of the heap is above 50'C, and preferabry above 60°C. 
The actual amount of the heap that is heated above the desired temperature will 
depend on the rate at which heat is input into the heap through the oxidation of sulfide 
minerals and through other heat additions to the heap, and the rate at which heat is 
lost from ihe heap through convection and radiation. 
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If bioleaching is carried out so that at least 10 Kg of the sulfide sulfur per 
tonneof solids inthe heap is oxidized in a period of 210 days or less from completion 
of the heap, a significant fraction of the heat required to maintain the heap at 
temperature while bioleaching the hypogenic copper sulfides in the heap may be 
5 obtamed from the exothermic oxidation reactions occurring within the heap. 

Furthermore, by having sufficient exposed sulfide mineral particles wimin the heap as 
scribed above, it is possible to bioleach at least 50% of the copper sulfide rninerals 
in me heap and thereby cause at least 50% of the copper in the heap to dissolve into 
the process leach solution within a 210 day period from completion of the heap. In 
! 0 appropriately designed heaps, it will be possible to extmct at least 70%, and 

preferably over 80%, of the total copper in a period of 210 days or less. Indeed, if a 
sufficient concentration of the hypogenic copper sulfides in the heap are found in 
particles having a size of less than 250 ,m, and preferably less than about 107 urn, it 
willbe possible to achieve recoveries of over 80 or 90% in a about 90 to 100 days. 
15 The use of thermophihc chemohtbotiophic microorganisms that biooxidize 

hypogenic copper sulfide minerals, as well as other sulfide minerals, make it possible 
to operate the heap at temperatures above about 60«C and speed up the biooxidation 
rate of the hypogenic copper sulfides in the heap. These microorganisms are defined 
as those that live at temperatures in excess of about 60°C, derive their energy from 
20 inorganic elements, such as iron and sulfur, and obtain the* carbon from carbon 
dioxide fixation. These organisms, represented by such genera as Sulfolobus, 
AcidUMus, and Metallosphaera, are actually Archaea, but are frequently referred to as 

bacteria in the literature. 

Because thermophilic microorganisms are capable of thriving on mineral 
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sulfides in high temperature environments, these microorganisms axe ideally suited 
for the process of the present invention, winch requires the use of high temperature 

i«„ v,*«m riptdons with high concentrations of sulfide 
heap leaching and may employ heap designs win 

minerals that result in large amounts of excess heat. 
5 In addition to biooxidizing sulfide minerals, many thermophilic 

nucroorganisms also oxidize elemental sulfur and ferrous iron. By oxidizing 
elemental sulfur, which is thought to confute to ahlinding of the surface of the 
chalcopyrite and other hypogenic copper sulfides during biooxidation, the use of 
thermophilesmayimp^ 


10 


*+ a *vn th^T <nirface during the bioleaching process. By 
of sulfur that is deposited on then surtace aurmg 

oxidizing ferrous hen to feme iron, these microorganism, also help maintain a high 
mdox potential within «he heap and allow for addioona! feme leaehing of the solfide 

minerals in the heap. 

Some examples of thermophilic microorganisms capable of oxidizing ferrous, 

l5 sulfide minerals and sulfur are: Acidianus brierleyi. Acidianus infemus, 

Metallospnaerasedula, Sulfolotus acidocaldarius, Sulfolobus BC. and Sulfolotus 
metallic*. These thermophilic organisms are capable of leaching both the hypogeruc 
copper sulfideconcntrate and the ore substrates of the preferred heap design in a 
period of less than 90 days at a temperature of 60 to WC. Other extreme 
thermophiles that are known in the art and that can grow and leach copper sulfides as 
well as other sulfide minerals within this temperature range may also be used to 

practice the present invention. 

Heap 20 is preferably inoculated with a mixed thermophile culture that 
contains two or more thermophiles. Although these microorganisms all thrive at high 


20 
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temperatures, at low P H, and can utilize mineral sulfides as energy sources, they differ 
in such attributes as optimum growth temperature, affinity for and ability to leach 
particular minerals, and tolerance of solution components (e.g., salts). Moreover, 
because the conditions within the heap may vary sufficiently in terms of temperature, 
5 salt concentrations, etc, certain thermophiles may thrive in some regions while others 
thrive in other regions. Thus, by inoculating with a mixed tbermophile culture, the 
most potent species will dominate within the particular bioleach conditions present 
within the heap or a region within the heap, resulting in the best possible leach. 

Only a small fraction, generally less than one percent, of soil microbes can be 
10 cultured well in the laboratory. Therefore, by inoculating heaps with only fresh 

laboratory thermophilic cultures only a small fraction of the possible microorgaxnsms 
that exist in nature are being tapped. A contmuously operating high temperature 
heap, however, will naturally select for microorganisms that are best able to bioleach 
copper sulfide ore at high temperatures. Thus, because a large amount of ore and rock 
15 that is used to build each heap will also contain native microbes, the process 
according to fee present invention will also automatically select the native 
microorganisms that have enzymes, as well as other native biomolecules, that are able 
to bioleach sulfide minerals at high temperature. Furthermore, because the solutions 
and/or support rock are likely to contain microbes that have not been previously 
20 isolated or that cannot be maintained well in a laboratory culture by exxsting 
technology, the operating heap will become a source of microbes that are not 
currently available from any known culture collections. As a result, the heaps of 
hypogenic copper sulfide bearing ore that are processed in accordance with the 
present invention will provide an excellent source of microorganisms for use . 


; as an 
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^ to starting biooxidadon in subdue* *eaps fta, - pro— —ding 
» fte present invention. Previous.y biooxtdized heaps will also provide an exceUen, 
OTUK e of rnicroorganisms for use as en inoculum to "gh temped heap 

, processes for recovering go,d end ofter precious nretals from refractory snifide ores 

As nored above, the preferred heap design is one ft. is over 3 meter* high and 
,0 meter* wid. Heaps of rhis size wi« he.p maxixnize hear retention in fte majority 
of fce he,. This is because fte outer mos, exnemities of the heap will 
w ftsulatorfbrfterestoffteheap. Dependingcn howwen.be heap, insulated and 
ta outside envfronmen., however, fte ourer most extremities of fte heap may not 
K ach a temperature over 50»C. Inocutating fte heap with a combinationof 
mesophi.es audmoderaremermophileswm.fterefore.aidinftehio.eachingofthe 
cootaregionsoffteheap. Even drough the amount of copper extraction from these 
15 ^regionswinbeiessmanfteexn^tionpossibiewiftinftehigher^pemhare 

re poos of fte heap, the overa.1 extinction of fte entire heap wffl be improveo. T*us, 
in a pmfe.cn mode of practicing fte present tnvention, in addition to inoculating the 
h^wiftoneormoreftermophUes.theheapUalso inoculated with one ormore 

mesophilic and/or one or more moderate thermophilic micmorganisms. 
20 ^ap.eferredmeftodofpraetioingftep-sen.invention.asubs.antialporrion 

of fte hea, required to initially hear fte heap to temperature is derived from 
bioleaching sulfide minerals contained within the heap. 

, {heap 20 comains sufficient exposed readily biooxidizesble sulfide minerals 
«* as pyrtte, ars»opyri.e, chalencite, and coveffite, then heap 20 may be beared, at 
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least partially, by utilizing the fuel values of these exposed, readily biooxidozeable 
sulfide minerals. This is accomplished by inoculating the heap with a culture 
containing one or more mesophilic microorganisms capable of bxooxidazing sulfide 
minerals that are well known in the art. As biooxidation proceeds, the heat generated 
5 from the exothermic oxidation reactions of the exposed, readily biooxidizeable sulfide 
minerals will begm to heat the heap. A significant portion of the heat requned to heat 
heap 20 to temperature of 50*C, or preferably 60°C, may be supplied by biooxidation 
if enough sulfide rnineral particles are bioleached to oxidize at least 10 Kg of sulfide 
sulfur per tonne of solids in the heap within aperiod of 45 days or less, and preferably 
! 0 30 days or less. Thus, in order to heat heap 20 using the heat released through the 

biooxidation of sulfide minerals, heap 20 should be constructed to contain at least one 
exposed readily biooxidizeable sulfide mineral in suffident quantities to supply the 
heap with at least 10 Kg of sulfide sulfur per tonne of solids. 

If the heat released through biooxidation is to be used as the heat source for 
15 heating heap 20 to temperature, then the concentration of exposed hypogenic copper 
sulfides in the heap is also preferably sufficient to supply at least 10 Kg sulfide sulfur 
to the heap. This is so that once the heap is heated to temperature, there will be 
sufficient sulfide minerals remaining in the heap to help maintain the temperature 
above the target temperature for biooxidation of the hypogenic copper sulfides to 
20 proceed over a period of approximately 60 to 150 days. 

Heap 20 will typically be heated in a step-wise fashion if the heat released 
through bxooxadation is to be used to heat the heap. First, the heap is inoculated with 
one or more mesophiles that are capable of biooxidizing sulfide minerals. It is then 
inoculated with a culture comprising one or more moderate thermophiles. 
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Alternatively, these inoculations may occur simultaneously if desired. Mesophues 

canbeuse^toheat^heapuptoatemperatureofabout^C. Oncetheheap 
5 reaches a temperature of about 40°C, the mesopbiles will become less active. 

However, if the heap has also been inoculated with moderate toermopbiles, these 
. ^organisms will become active as the temperature of the heap approaches about 
40°C. U* moderate thermophUes can then continue to oxidize the exposed sulfide 
mineral particles in the heap until a substantial portion of the heap reaches a 
10 temperature of about 50°C to 55«C where the moderate thermophiles start to become 
less active. At this point, however, the growth of extreme thermophiles is favored. 
As a result, the extreme thermophiles within the heap will become active and begin to 
oxidize additional sulfide minerals in the heap further increasing the temperature of 
the heap. At temperatures above about 50«C and especially over about 60°C, the rate 
15 of biooxidation of the hypogenic copper sulfide rninerals in the heap will rapidly 
increase due to the fact that the passivation layer that inhibits bioleaching at lower 
temperatures tends to degrade at temperatures above about 50°C. 

Any of the mesophilic or moderatly thermophilic microorganisms that are 
known in the art to be capable of biooxidizing sulfide minerals may be used in the 
20 presentation. Examples of mesopbiles that may beused in practicing the present 
invention include Thiobacillus ferrooxidans, Thiobacillus thiooxidans. Thiobacillus 
organoparus, Thiobacillus acidophilus, and LeptospiriUum ferrooxidans. Examples 
of moderate thermophiles that may be used in practicing the present invention include 
Sulfo bacillus thermosulfidooxidans, Thiobacillus caldus, and Thiobacillus cuprinus. 
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The heap is ungated with a process leach solution (PLS) throughout the 
■ biooxidahon period. The process leach solution typically includes sulfuric acid and 
iron * ferri c and/or ferrous form. The process leach solution may also contain 
nutrients to help the biooxidizmg microorganisms grow. However, the nutrients 
5 necessary for the microorganisms to grow and metaboUze the sulfide minexals in the 
heap may be present within the ore being bioleached. 

The leaching of hypogenic copper sulfides such as chalcopyrite can consume 
acid and cause the pH of the heap to increase. The increasing P H can lead to jarosite 
formation and ferric precipitation. To prevent mis precipitation from becoming 
extensive and retarding the leaching process, the process leach solution should be 
maintained below a P H of 1.5, especially once the heap reaches a temperature above 
50°C and the biooxidation of the hypogenic copper sulfide minerals begins to proceed 
rapidly. To further imnimize the precipitation of ferric and jarosite, the ferric 
concentration should also be mamtained below 3 gfl. especially once the heap is 
raised to a temperature above about 50°C The nutrient salts should also be kept low 
after the temperature of the heap is raised above about 50°C, especially in potassium 
and in ammonium sulfate, both of which can increase jarosite formation. The 
addition of a small amount of chloride (1 to 5 g/1 as NaCl) may help maintain ferric in 
solution and enhance leaching of copper over iron. Thus, it may be desirable to use a 
chloride medium to bioleach the heap, especially after the temperature of the heap is 
raised above 50°C. If a chloride medium is used for the process leach solution, 
however, thermophific microorganisms that exhibit chloride resistance should be 
selected. 


15 


20 
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The flow rate a. which Ore heap is irrigated with the process leach solution will 
depend on a number of factors. Two of the primary functions of the process leach 
Nation aretoprovide acid and remove copper that has been flissoWed daring the 
teaching process. As a result, the peas flows will typically occur a. the beginning 
5 0 f the process to reduce the pH of the heap to a suitable level that is conducive to the 
teaching process. Once Ore off sohtdon from lite heap is below apH of about 2.0, 
preferably about 1 .8. the heap is adequate* conditioned and appropriate conditions 
should exist within the heap for bioleaching. 

The application rate of Are process leach solution will also tend to be higher 
,0 once the heap reaches optimum temperature for hypogenic copper sulfide mineral 
biooxidadon. As the temperature of the heap is raised to a temperature suitable for 
biooxidadon of hypogenic copper sulfide minerals, the hypogenic copper sulfide 
^e^mfteheapwfllbegbaWbiooxidize^pidly. Because ,Jm biooxidadon of 
hypogenic copper sulfides consumes acid, additions, process leach solution win 
15 typically need to be added to maintain a low P H environment suitable for fitrtrer 

biooxidadon The rate of biooxidadon of dr. hypogenic copper sulfide minerals will 
tend to be greatest for a p«iod shorty after the heap is raised to the optimum 
tentperalure. As a result, the application rate of the process teach solution will afeo 
,e„d ,0 be high during the period when biooxidadon of the hypogenic copper sulfide 

20 minerals proceeds rapidly in the heap. 

As rhe copper sulfide minerals in the heap are biooxidixed, copper will 
dissolve into the pmcess leach solution, thereby forming a pregnant process leach 
Morion, in determining die apptopriate application rate of the process leach solution, 
therefore, it is also desirable to utilize a flow rate that will ensure a copper 


Received from < 2139SS0440 > al 4/3CK02 1 :S3:89 PM [Eastern Daylight Time) 


34 


Apr-30-02 II :10a Frojl-IYOH 4 LYON 2139550440 T-S39 P 043/104 M4I 

«,^t,c Patent 
Express Mail No. EL 740478036 US 256/248 

concaoMtion of greater than 1 g/l, prefembty greater than 2 g/l, and even more 
preferably greater than 5 g/l. W » Parfeularly true one. the brooxidation of dte 
hypogenie copper sulfide minerals, which wiU be the primary type ef copper sulfide 
Serais in the heap, begins ,0 proceed raprdly. The fiow rate of tbe process leach 
5 nation should be adequate, however, ,0 ensure that the final concentration of the 
faric non in the pregnant process leaeb sohttion is less than 5 g/l and preferably less 
than 3 gfl. While concentrations up to 5 g/l ferric ion may typically be bandied in 
toowu in the art solvent extmction processes, concentration, greater than about 3 g/l 
will tend to result in excess feme and jarosite precipitation in the high temperature 

1 o environment of the heap. 

Finally, the flow rate of the process leach solution is preferably selected to 
accomplish the foregoing goals with the lowest application rate possible. By 
mainlining the flow rate of the process leach solution at the lowest possible level to 
accomplish Are foregoing goals, the amount of heat lost fiom the heap can be 
« minimized, thus minimizing the potential need for Ore application of external heat to 
maintain the heap at the optimal temperature during hypogenie copper sulfide mineral 
biooxidation- 

With the foregoing goals in mind, the process leach solution will typically be 
applied at a rate of at least 72 Vm 2 /day, and preferably at a rate of least 144 Vm 2 /day. 
20 For heaps havmg the preferred dimensions mentioned above, the process leach 
solution will generally be applied at a rate of about 300 to 600 iW/day. 

The application of the process leach solution does not have to be continuous. 
The present invention may be practiced with irrigation followed by drying or rest 
periods. While no process leach solution is applied during the drying period, or dry 
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cycle as it is sometimes referred to in the art, the heap is not permitted to dry out 

throughout the dry or rest period. 

As the pregnant p™c=* 1-* «**» *""» "™ *" * ^ ^ " 
5 ^35. FromdrabSS.topr.E-n.p^s.each^u.ion^ybadrainedby 

cavity or pump- ,o reserved 26 via pipe 36. Prefer**, the pregnant process tea* 
sohniou is tienstaed * reservoir, 24 as quick* as possible to minimize hear losses 
from the pregnant process leach solution. To further minimize heat losses from the 
pregnant process leach solution, reservoirs 24 may be insulated. 
10 Once the concentration of copper in the pregnant process leach solution 

reaches a desrred level, the pregnant process leach solution is sen, to a solvent 
extraction plan. 38 for recovery of cupper. The design, consrruction, and operation of 
amven. extraction plants are well known in the art and need no. be described tether 
herein. Etemental copper 44 may be recovered from the present strip Honor 40 
15 coming out of the solvent extraction plant using an electrowinning cell 42 as is well 
known in the art After copper is removed from Are pregnsn, strip liquor in 
etecfrowirming cell 42, the fresh snip li,uor 46 is recycled to the sohrent extinction 

plant 38 for reloading. 

After the copper values in the pregnan, processes leach solution have been 
20 snipped in solvent extraction plant 38, me replenished process teach solution 48 may 
he recycled to tie heap for snomer pass through the heap. Because most solvent 
eamaion plants are operand at a Kmperature below about 50'C, the pregnan, 
process leach solution ma, is supplied to tire solvent exaction plan, will typically 
need ,o be cooled to a temperature suitable for the solvenl extraction plan,. On the 
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otherhand,the refreshed process leach solution is prefexably heated to a temperature 
as close to the operating temperature of the heap prior to its reapphcation to nnnintize 
the heat drams on the system. Thus, in a preferred method of practicing the present 
invention, the refreshed process leach solution48 and pregnant process leach solution 

be removed from the collected pregnant process leach solution in preparation for its 
treatment in me solvent extraction plant 38 and transferred to the refreshed process 
leach solution 48 prior to its application to the heap, mus minimizing heat losses from 

10 thesystem ^ V ^^*~~*^**^™'^ W « 
be pumped to the top of heap 20 through supply tt» 30. Fresh water supply 52 m ay 
be used to make up for water losses in the system due to evaporation. 

In addition to using solvent extraction to recover copper from the pregnant 
process leach solution, other techniques that are known in the art may also be 
15 employed, including copper cementation and ion exchange. 

Ion exchange processes offer an advantage due to the fact that they can be 
operated at higher temperatures than solvent extraction plants. As a result, less heat 
will be lost from the system because the need to cool the process leach solution prior 
to copper recovery may be effectively ehminated. Copper cementation offers a 
20 similar advantage. However, the purity of copper produced through copper 

cementation is not as high as that produced through solvent extraction followed by 
electrorefining. Furthermore, due to the fact that the copper in solution is replaced 
with iron during the cementation process, the use of copper cementation would also 
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r*u~ if»arh solution to remove excess iron 

require frequent treatments of the process leacn soiuuu 

concentrations to prevent excessive precipitation. 

Figs. 2A-2D schematically illustrate a manner of practicing the present 
invention over a period of time to more effectively utilize the heat values produced 
5 f^te*^**^**^*****- Essentially an mitial heap 
20 is prepared as described above. After heap 20 has reached an optimum 
temperature for meb.ooxidationofthehypogenic copper sulfide minerals contained 
therein, approximately 60 to 70°C, and the oxidation of the hypogemc copper sulfides 

isproceedmgrapidlyto 
10 20. The heat emitted from currently active heap 20 will help to heat heap 54 to a 
temperature at which biooxidation of the hypogenic copper sulfides within heap 54 
^proceed rapidly. Again, once the high temperature biooxidation of me hypogenic 
copper sulfides is proceeding rapidly in heap 54 and a substantial portion of heap 54 

~ «f *„T„- rt vi™alelv 60 to 70°C, a third heap or lift 56 may be 
has reached a temperature of approximately ou iw 

15 constructed on top of heap 54. Again, the heat emitted from active heap 56 will help 
to heat heap 56 to a temperature at which the high temperature biooxidation of the 
nypogenic copper sulfides in the heap may proceed. This process may be repeated 
over and over agam with as many heaps or lifts as desired. Fig. 2D, for example, 
illustrates a fourth heap or lift 58 being constructed on top of third heap 56. 
20 Another advantage of practicing the present invention in a series of stacked 

heaps or lifts is that as the sulfide mineral fuel values in the lower heaps or lifts are 
depleted through the biooxidation process, the temperature of these lower heaps will 
begin to drop. However, heat from the upper heaps or lifts will help to maintain the 
lower heaps at a temperature sufficient for the high temperature biooxidation of 
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hypogenic copper sulfides to continue for aperiod longer than would otherwise be 
possible. Furthermore, even if the exposed sulfide mineral values in the lower heaps 
arc depleted to the point that, even with the additional heat being supplied by the 
upper heaps, the heap cannot maintain a temperature high enough for the thermophilic 
5 nucroorganisms to remain active, biooxidation may continue with mesophilic and 
thermophilic microorganisms. Moreover, the high concentrations of ferric that are 
produced in the upper heaps will also aid in the continued leaching of the copper 
sulfide rninerals in the lower heaps or lifts. Thus by practicing the mvention in a 
series of stacked heaps or lifts as described above, it may be possible to achieve 
10 higher overall recoveries of copper from the ore. 

The preferred embodiments of the invention having been described, various 
aspects of the invention are further amplified in the examples that follow. Such 
amplifications are intended to illustrate the invention disclosed herein, and not to limit 
the invention to the examples set forth. For example, the specific examples described 
15 below are all directed to chalcopyrite bearing ores and concentrates because these ores 
and concentrates are preferred for use in practicing the present invention in view of 
the fact that chalcopyrite is economically the most important source of copper. 
However, as described above, the process according to the present invention may be 
used to bioleach all types of hypogenic copper sulfide bearing ores and concentrates. 


20 


EXAMPLE 1 

Samples of recalcitrant chalcopyrite ore and concentrate from the San Manuel 
Copper Mine in Arizona were used to evaluate the use of thermophilic 
microorganisms to bioleach chalcopyrite in aheap process. In order to simulate the 
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„i„™ t«t -ois* nerfoimed. A total of 491.2 g of smelter 
heap leaching process, a column test was penormo 

feed chalcopyrite concentrate were coated onto 5 Kg of ore Son, the same San 
Mauuel Mine. Because the concentrate was smelter grade, the sulfide mineral 
particles widtin the concentrate were comprised atoms, entirely of chalcopyrite. 
5 Analysis of me smelter concentrate showed that it contained 28.5% copper arm 27.5% 
ton and 33.6% sulfur as sulfide. Thus, without considering the exposed sulfide 

rt,-. PnTlC entrate coated ore contained at least 3% 
minerals in the coarse ore support, the concentre 

exposed sulfide sulfur. 

The support rock that the concentrate was coated onto was prepared by size 
10 separationofcmshedSanManudore. The minus 19 ram crushed ore was separated 
into a minus 3.2 mm fraction, a 3.2 to 6.4 mm fraction and a 6.4 mm to 12.7 mm 
fraction and a plus 12.7 mm fraction. The 3.2 to 6.4 mm and the 6.4 to 12.7 mm 
fractions were used in equal weights (2.5 Kg each) as support rock for the smelter 
concentrate. The minus 3.2 mm and pins 12.7 mm fractions were not used in the test. 
15 Exclusion of the minus 3.2 mm fraction ensured that the heap had good air flow 
characteristics. 

Analysis of the 3.2 to 6.4 mm ore indicated that it contained 0.549% copper 
and 2.37% iron. Analysis of the 6.4 to 12.7 mm ore contained 0.523% copper and 
2.38% iron. The mixture of the two sizes of chalcopyrite ore were coated with the 
20 high grade copper concentrate by rolling me ore in a drum at about 30 rpm while 
spraying with 10% sulfuric acid. After the support rock was wetted the dry 
concentrate was spread over the tumbling support rock. More liquid was sprayed onto 
the mixture until the coarse ore particles were coated with the concentrate. The final 
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warer comen. of tire concha* coated coarse ore particles was approximate* 3% by 
weight. 

The mrxurre of concennate and coarse ore support was then placed into an 8.0- 
cm glass column to simulate abeap. The column was wrapped with electrical 
5 resistive heating tape to insulate tire column and help control temperature. The 
tetnperature was monitored by a thermocouple taped to the outside of the glass tube 
and a glass thermometer in the rop of.rhe ore at tire top of tire column. Air and liquid 
were introduced into tire top of tire column. The air was heated by bubbling through 
he a<ed warer and titen titrough a heated starnless steel lube ,0 tire top of rhe cotamn. 
10 Liquidwascollecredmomthebottamofmecoluroninahearedbeaker. Airexiting 
ft, bottom of the column was bubbled rhrough the liquid in tire heated beaker. This 
was done to keep any bacteria in the solution alive and active. The flow rare of the 
Uquid pumped to tire hap of the column was a, least one liter per day. The P H of me 
sohrrion was measured once per day and adjusted to a pH of between U and 1.3 with 
,5 sulfuric acid. The copper and iron levels in solution were determined once or twice 
per week. Solution was removed tat the system and replaced with new solution 
containing the nutrient mixture. This was done to keep tit. solution from becoming 
toobighmcopperandmxicrothemicmorgamsms.Thehqmdmemuminuoducedto 

ftcopoftite column contained 0.16 g/l.NHaCl, 0.326 gfl Mg C! 2 6HA 0. ! g/1 K 2 
20 HPOa.O.lgflKCl.pluslmWof.Wcemu^soluuonustodinmi.lbelow. As 
ttmse skilled in the at. will appreciate, tire concentration of married in the liquid 
medium were lower man that typically found in .he 9K sal. generally used in 
connectionwititbiooxidation. Tire lower concentration of nutrients as well as the 
chloride medium and low pH were used to minimize the precipitation of ferric as 
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jarosite and any concomitant plugging of air or liquid flow channels that might 
otherwise result 


10 


15 


Table 1 
TRACE MINERAL SOLUTION 


e/1 


MnCl 2 x4H 2 0 
Na 2 B4O7xl0H 2 O 

ZnS04x7H 2 0 
CuCl 2 x2H 2 0 
Na 2 Mo0 4 x2H 2 0 
VOSO4 x 2 H 2 0 
C0SO4 


1.8 

4.5 

0.22 

0.05 

0.03 

0.03 

0.01 


The temperature of the column was first maintained at 35«C and inoculated on 
day three with 25 ml of Thiobacillus ferrooxidans, which were originally started with 
ATCC strains 19859, 14119, 23270, and 33020 from the American Type Culture 
Collection in Rockville, Maryland. The bacteria concentration was approximately 10* 
bacteria per ml. On day four the temperature of the column was increased to 40*C. 
On day. five the temperature was increased to 45'C On day seven the temperature 
waS teased to 65*C and reinoculated with 25 ml of a mixed culture of Thiobacillus 
ferrooxidans, Leptospinllum ferrooxidans, and cultures of Thiobacillus thiooxidans 
(ATCC strains 8085and 15494) and a culture of moderate thermophiles isolated from 
an ore sample from the Atlanta Mine of the Ramrod Gold Co. in Idaho. On day 14 
20 the temperature of the column was increased to 7CC. The column was then 
inoculated with a previously frozen mixed culture of extreme thermophiles 
comprising Acidianus brierleyi (DSM strain 1651), and Sulfolobus acidocaldarius 
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(ATCC strains 33909 and 49426). The DSM strains were obtained from the Deutsche 
Sammlung von Mikroorganismen collection center in Braunschweig, Germany. As 
biooxidation witfam the heap had not increased as much as desired even though the 
heap was inoculated with a mixed culture of therrnophiles on day 14, on day 40 a 
5 fesh culture of extreme therrnophiles including Acidianus brierleyi (DSM strains 
1651 and &34) f AcidUmus infemus, (DSM strain 3191) Metattosphaera sedula 
(ATCC strain 33909) Sulfolobus acidocaldariu, (ATCC strain 49426) and Sulfolobus 
metallic* (DSM strain 6482) was added to the column. The temperature of the 
column and the heated container of circulating solution were maintained between 60 
10 and 75«C for the remainder of the 93-day experiment. 

The progress of the experiment was monitored by the solubilization of copper. 
The total copper in both the concentrate and the ore support was estimated by the 
analysis of a split sample of each size fraction of ore support used and the 
chalcopyrite concentrate. The estimated percentages leached for both iron and copper 
15 as the experiment progressed are listed in Table 2 and are plotted against time in 

Figure 3. The concentrations of both iron and copper in the circulating solutions are 
also listed in Table 2. 


Received from < 21 39550440 > at 4/30/02 1:53:09 PM [Eastern Daylight Time] 


Apr-30-02 11:12am Frora-LVON 4 LYON 

Express Mail No. EL 7404>ot)36 US 


2139550440 


T-539 P. 052/1 04 
Patent 
256/248 


F-641 


Table 2 


CHALCOPYRTTE SMELTER CONCENTRATE ON CHALCOPYRITE ORE 


Days 

Con. of Fe 

Con. of Cu a/1 

/o icacneu 

V^U /0lcaL.Ul£U 

3 

0.456 

0.508 [ 

U-00 

1 U 

6 

2.16 

0.68 


9 7R 
z. / o 

12 

4.856 

0.56 



17 

4 012 

0.444 

8.91 

3.08 

24 

1.772 

0.224 

11.81 

3.79 

31 

1.3 

0.452 
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40.97 
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5 The rate of copper leaching showed a noticeable increase 16 days after 

inoculation with the first culture of extreme thermophiles. The second inoculation of 
extreme thermophiles increased the rate of copper leaching even more by day 47 of 
the experiment The rate of leaching did not slow down until after day 86 of the 
experiment when the estimated total copper leached was 82.6%. After another week 

10 the column was taken down so that each fraction could be analyzed for the extent of 
copper leaching. 
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The material m the column was separated into four size fractions. One 
fraction was smaller than 0.14 mm and weighed 224.6 g. This size fraction was 
considered to be the remaining chalcopyrite concentrate. Another size fraction was 
larger than 0.14 mm and smaller than 3.2 mm and weighed 340.8 g. This size range 
5 of material was never put into the column and was believed to be the result of 

breakdown of the 2.5 Kg of 3.2 mm to 6.4 mm ore that was put into the column at the 
start. The amount of material remaining in the 3.2 mm to 6.4 mm size range was 
2,108 g. The weight of the remaining 6.4 mm to 12.7 mm was 2,304 g. 

Analysis of each size fraction was used to calculate the extent of chalcopyrite 
10 leaching for both the concentrate and the ore. The analysis of the 224.6 g of smelter 
concentrate showed 3.24% copper and 18.5% iron or a total of 7.28 g of copper and 
41.6 g of iron. The original 491.2 g of copper concentrate was 28.5% copper and 
27.5% iron and therefore contained 140.0 g of copper and 135.1 g of iron. The 
calculated percentage leached was 94.8% for copper and 69.2% for iron. The 
15 estimate of copper and iron leaching of the 3.2 to 6.4 mm ore used as support was 

based on the 0.355% copper and 4.19% iron remaining in the 0.14mm to 3.2mm size 
fraction and the 0.305% copper and 2.08% iron remaining in the 3.2 mm to 6.4 mm 
size fraction. The total remaining copper and iron was 7.64 g and 58.1 g, 
respectively. Thus, the calculated percentage leached for the original 3.2 to 6.4 mm 
20 size fraction was 44.3% for copper and 1.8% for iron. The high level of remaining 
iron suggested that mis size fraction contained some of the concentrate or contained 
precipitated iron. The largest size fraction was 0.353% copper and 2.27% iron. The 
total remaining copper was 8.13 g and the total remaining iron was 52.3 g out of the 
original 13.08 g of copper and 59.5 g of iron. The amount of copper and iron leached 
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for this size fraction was 37.8% and 12.1%, respectively. The low level of iron 
removal indicated that some iron had precipitated. The calculated total copper that 
leached from the mixture of chalcopyrite ore and concentrate was 86.2% and 40.1% 
for iron. This agreed very well with the extent of leaclung estimated by analysxs of 
5 the circulating solution. 


15 


EXAMPLE 2 

The experiment described in Example 1 was repeated usmg 486.8 g of the 
same smelter grade concentrate that was used in that experiment. The support rock 

. , -rtrt^ced 2 5 Ke of 3.2 mm to 6.4 mm ore and 
10 that the concentrate was coated onto composed z.d jvs u 

2.5 Kg of 6.4 mm to 12.7mm ore. The mixture of the two sizes of chalcopyrite ore 
was coated with me high-grade concentrate by rolling the ore in a drum at about 
BOrpm, while spraying with water. Water was used in this experiment to show that 
acid could be added later. The dry concentrate was spread over the wetted tumbling 
plurality ofsubstrate ore as was done is Example 1. The final water content of the 
coated coarse ore particles was approximately 3% by weight. Furthermore, as with 
Example 1, without considering the exposed sulfide minerals in the coarse support, 
the concentrate coated ore contained approximately 3% exposed sulfide sulfur. 

The concentrate coated substrates were placed into an 8.0cm glass column. 
20 The column was wrapped with electrical resistive heating tape to insulate the column 
and to help control its temperature. The temperature was monitored by a 
thermocouple taped to the outside of the column and a glass thermometer placed in 
the center of the ore in the top of the column. An additional 100 g of the uncoated 
mixture of ore from 3.2 mm to 12.7 mm was used to cover the concentrate coated ore 
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material. This uncoated ore formed a layer about 5 cm thick that covered the coated 
substrates and acted as an insulating layer to prevent heat loss at the top of the bed- 
Air and liquid were introduced into the top of the column as was done in 
Example 1 . The air was heated by bubbling through heated water and a heated 
5 stainless steel tube as was done in Example 1 . The liquid exiting the column was held 
in a heated beaker as described in Examplel . 

For the first three days the temperature of the column was maintained at 35°C 
while two liters of 5% sulfuric acid were circulated through the column at a flow rate 
in excess of one liter per day. The high concentration of acid rapidly adjusted the pH 
10 to below 1 .0. On the third day the temperature was increased to 70»C and the same 
nutrient mixture as described in Example 1 was used to replace the circulating acid 
solution. After about four hours the column was inoculated with the same culture of 
extreme thermophiles, namely Acidianus brierleyi (DSM strains 1651 and 6334), 
Acidianus infernus (DSM strain 3191), Sulfolobus acidocaldarius (ATCC strain 
15 49426), and Sulfolobus metallicus (DSM strain 6482), that was used to inoculate the 
column of Example 1 on day 40. Seven days later (day 10 from the start) the column 
was inoculated with a culture of microorganisms recovered from the take down of the 
column in Example 1. Bacteria can be recovered after the biooxidized concentrate is 
washed from the substrate. The slurry of stripped concentrate is allowed to settle 
20 overnight. The cloudy liquid can have high levels (10 7 or more bacteria per ml) of 
bacteria that can be used to inoculate directly or that can be centrifuged to form even 
higher concentrations of bacteria. About one fourth the bacteria recovered this way 
from the column experiment in Example 1 were used to inoculate the repeat column 
in this example on day 1 0. 


Received from < 2139550440 > at 4/30i02 1:53:09 PM [Eastern Daylight Time] 


Apr-30-02 II :13am From-LYON & LYON 2139550440 T-539 P. 056/104 F-641 

Patent 

Express Mail No. EL 7404-n5036 US — 256/24g 

After the initial treatment with 5% sulfuric acid, the pH of the process leach 
solution added to the top of the heap was kept between a pH of 1.1 and 1.3. ThepH 
of the off solution was generally between 1.3 and 1.6. The copper and iron levels in 
solution were determined once or twice a week. Solution was removed from the 
5 system and replaced with new solution containing the nutrient mixture. This was 
done for the same reason that it was in Example 1 , namely to keep below the toxic 
level of copper until the microorganisms had time to adapt to high copper 

concentrations. • 

The major difference between the experiment in Example 1 and this one is the 

_„ tncv>r\ anrt earlv inoculation with a fresh culture of 
10 early use of high temperature (70 C) and early mo 

extreme thermophiles. 

The extent of copper and iron leachmg was estimated by determination of the 
copper and iron concentrations in solution, which are plotted against time in Figure 4. 
The earlier start of leaching, which in the present example is a result of the earlier 
15 inoculation, demonstrates the benefit of using extremely thermophilic microorganisms 
in leaching recalcitrant chalcopyrite. The material from this column was separated 
into size fractions. The fraction smaller than 0.14 mm material weighed 315.4 g and 
contained 2.74% copper and 12.7% iron by analysis. The original 486.8 g of copper 
concentrate contained 138.7 g of copper and 133.8 g of iron. The calculated 
20 pe rc entageleachedwas93.8%forcopperand70.0%foriron. The estimate of copper 
and iron leaching for the 0.14 to 12.7 mm ore used as support was based on the 1 5.36 
g of copper and 78.9 g of iron remaining in this size fraction. The calculated 
percentage leached was 43.8% of the copper and 34.9% of the iron. 
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EXAMPLE 3 

A sample of chalcopyrite concentrate from the San Manuel copper mine in 
Arizona was used to perform a 35°C control experiment in a similar column test. A 
total of 391.8 g of smelter grade concentrate containing 28.8% copper and 27.3% iron 
5 was coated on to a plurality of granite support rocks. The 3920 g of support rock that 
was coated had no copper mineral in it and was between 6.4 and 12.7 mm in size. 
The sample of granite support rock had a small amount of carbonate and tended to 
cause some precipitation of iron. The method of coating was similar to the method 
used in Examples 1 and 2 with the exception that about 1 10 ml of bacteria containing 
10 solution were used to wet the support rock before applying the dry concentrate. 

As the concentrate contained over 30% sulfide sulfur, the concentrated coated 
support rock contained approximately 3% exposed sulfide sulfur. 

The mixture of concentrate and coarse granite support rock were placed in a 
7.6-cm plastic column. The column was wrapped with resistive eleclxical heating tape 
15 to insulate the column and to help control temperature. In this example the 

temperature was maintained at 35°C throughout the experiment Air and liquid were 
introduced into the top of the column. Liquid was collected from the bottom of the 
column and pH adjusted before reapplying it to the top of the column. The pH of the 
off solution ranged between 1.37 and 1.76 and the pH of the reapplied solution was 
20 between 1.2 and 1.5. The copper and iron levels in solutions were determined at least 
once per week. Solution removed from the system was replaced with new pH adjust 
nutrient solution. The medium contained 1 .0 g/1 NH4 SO.; 0.2 gA MgSCV 7H 2 0 0.02 
g/1 K 2 HPO„; 0.03 g/lKCl. This experiment did not use the chloride nutrient solution 
used in Examples 1 and 2. The nutrient solution used in Examples 1 and 2 was used 
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in order to minimize the amount of iron precipitation at the higher leach temperature 
of70°C. 

The bacteria concentration in the solution that was used to wet the coarse ore 
was approximately 10 8 bacteria per ml and was of the same mixed culture used in the 
5 first inoculation of Example 1. On day 44, 990 ml of 10.08 g/1 ferric solution was 
added to the circulating five liters of solution to increase the iron level to 
approximately 2 g/1. The iron level had been low (less man 1 g/1) for the first 44 days. 
After the ferric addition the iron levels remained over 1 g/1 until after day 85. The 
copper level of the solution was maintained at above 1 g/1 after the first 10 days. 
10 The control experiment was conducted for 100 days. The Eh exceeded 0.6 

volts after 50 days. The high Eh indicated that bacteria growth and bioleaching were 
in progress during most of the 100-day experiment. However, only 20% of the copper 
was leached after 60 days, and only 25.2% after 100 days. The experiment was 
stopped after 100 days. The material from the column was separated into a minus 
15 0.14 mm and aplus 0.14 mm size fraction. Each fraction was analyzed to determine 
the copper remaining in the system. The weight of the granite support rock increased 
to 4087.2 g and had picked up 0.928% copper. The weight of the concentrate had 
dropped to 218.6 g and the copper content was 19.4%. The total copper remaining in 
the column after 100 days of bioleaching was 80.34 g or 71.2% of the original 1 12.8 
20 g. The copper analysis of the solution estimated that 25.3% had leached out of the 
column. This compares well with the 28.8% calculated by final copper analysis. 

The extent of copper and iron leaching were estimated by determination of the 
copper and iron concentrations in solution. The estimated extent of leaching for 
copper and iron are plotted against time in Figure 5. 
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EXAMPLE 4 

A concentrate was made from the minus 3 .2 mm fraction of the San Manuel 
ore. The concentrate was made by grinding the ore to pass 0.107 mm. The ground 
5 ore sample was then floated to form a sulfide concentrate. The flotation was done in 
small batches of 500 g each in a laboratory Wemco flotation cell. Before flotation, 
the ground ore sample was adjusted to a pulp density of 30%. Then the P H was 
adjusted to between 7 and 9 with NaOH. Potassium amyl xanthate was added as a 
collector at approximately 100 g/tonne and mixed more than 5 minutes before 50 
10 g/tonne of Dowfroth D-200 was added and mixed for another 5 minutes. Finally, air 
was introduced to produce a sulfide concentrate that contained 8.5% copper and 
30.4% iron and 35.8% sulfide by weight. Thus, this concentrate contained almost 
twice the amount by weight of pyrite as it did chalcopyrite. 

A plurality of coated substrates were then made by coating 200 g of the sulfide 
15 concentrate on to 2,000 g of plus 6.2 mm minus 12.7 mm granite rock. The 

concentrate was added as a dry powder to the wetted support rock in a drum rotating 
at about 30 rpm. The dry concentrate was spread over the tumbling support rock. 
More liquid was sprayed onto the mixture until the coarse support rock was coated 
with the concentrate. The final water content of the coated coarse ore particles was 
20 approximately 3% by weight. Furthermore, the concentrate coated ore contained 
approximately 3.2% exposed sulfide sulfur. 

The plurality of coated substrates were then put into a 5 cm glass column. The 
column was wrapped with electrical resistive heating tape to insulate the column and 
help control temperature. The temperature was monitored by a thermocouple taped to 
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the outside of glass tube and by a glass thermometer placed m the center top of the 
column. Air and liquid were introduced into the top of the column. The air was 
passed through heated water before entering the column. Liquid was collected from 
the bottom of the column but was not heated as it was in Example 1. 
5 The flow rate of liquid pumped to the top of the column was at least 0.5 liters 

per day. The pH of the solution was measured once per day and adjusted to a pH 
between 1 .1 and 1.3. The first solution used in this experiment was a different 
chloride nutrient mixture than used in Example 1 above. In this experiment the first 
nutrient solution comprised 2.03 g/lNHaCl; 0.08 g/lKCl; 0.04 g/LK 2 HP0 4 ; 0.35 g/l 
10 MgCl 6H 2 0. On day four this was replaced with a solution that was the same except 
that it also contained 2 g/l ferric made with ferric sulfate. This solution was again 
removed and replaced on day seven. The new solution also contained 2 g/l ferric. On 
day 29 the solution was changed again and replaced with the chloride nutrient 
solution containing 2 g/l ferric This solution was recirculated until day 63 when one 
15 liter out of the two liters in the beaker was replaced with fresh chloride nutrient 

solution. Another liter was removed and replaced on day 65 with the chloride nutrient 
solution. No ferric was added to the solution on days 63 and 65. One liter of solution 
was replaced with fresh chloride nutrient solution on days 74, 77, 81, 84 and 91. The 
column experiment was stopped after day 93. The bioleached material from the 
20 column was separated into a minus 0.14 mm size fraction and plus 0.14 mm fraction. 
Each size fraction was analyzed for copper, iron, and sulfide. 

The temperature of the column was first maintained at 35«C and inoculated 
with the same bacteria culture as used to initially inoculate the column in Example 1 . 
On day seven the temperature was increased to 40°C and reinoculated with the same 
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mesophilic culture. The next day the temperature was increased to 45°C and the 
column inoculated with a moderate thermophiles isolated from an ore sample from the 
Atlanta mine ofRamrod Gold in Idaho. On day 10 the temperature was increased to 
WC- On day 1 1. 25ml (10 8 bacteria per ml) of the same culture of mesophilic 
5 bacteria were added to the unheated off solution beaker. The beaker was reinoculated 

wim25mlofl0*bacteria^^ 

inoculated with the same previously frozen mixed culture of extreme thermophiles as 
was used to inoculate the column in Example 1 on day 14. The off solution beaker 
was further inoculated on day 30 and day 45 with mesophilic bacteria. This column 
10 experiment was never inoculated with the fresh culture of extreme thermophiles used 
inExample 1 at day 40. A plot of the estimated percentage of copper and iron 
leached is plotted against time in Figure 6. The use of the granite rock as support may 
have caused excessive precipitation of iron, due to its carbonate content. The 
estimated percentage iron leaching did not go above zero until after day 60. This 
15 precipitation could have limited the extent of copper leaching in this experiment also. 
One benefit of having no iron leach during the process, however, is that a purer 
pregnant leach liquor is produced for the solvent extraction plant 

The final analysis of copper indicated that 82.5% of the copper had been 
leached from the concentrate. The amount of copper remaining in the 276 g of the 
20 minus 0.14 mm material was 0.916%. The weight of the concentrate had increased 
from precipitation and loss of support rock. During the experiment the 2,000 g of 

granite support rock lost 140.8 g. 

Analysis showed that 28.7% of the iron was removed and that 45.2% of the 
sulfide sulfur was biooxiteed. Microscopic analysis of the water used to wash the 
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coated concentrate off the support rock showed a large number (over 10 7 
microorganisms per ml) of extreme thennophiles. 


EXAMPLE 5 

5 Another column experiment was carried out at the same time as the 

experiment described in Example 4. This experiment was the same with one 
exception. The difference was that 1 0 g of finely powdered graphite was mixed with 
200 g of bulk flotation concentrate. This was the same concentrate used in Example 

. ca Tr,f wav as in Example 4. The inoculations and pH 
4, and the column was set up the same way as ux^. v 

10 adjustments were also me same as in Example 4. 

The estimated percentage of copper and iron leached is plotted against time in 

Figure 7 for this example. 

The column experiment was continued for 93 days. There*.!* of this column 
e^en. indicated 89.8% copper leaching by analysis absolution and 89.0% by 
a^vsis of the marerial removed from the column. Iron leaching was abo low in this 
^erhnent and was also believed to be due to precipitation caused by the carbonate in 
toe granite support. Anaiysis for imn and suinde suite indicated 18.6% iron removal 

and 53.9% sulfide biooxidation. 

The graphite was added to enhance the galvanic connection between 

20 chalcopyrite and pyrite in the concentrate. 


15 


EXAMPLE 6 

The experiment described in Example 1 was repeated using 491.8 g of the 
same smelter grade concentrate that was used in that experiment. The support rock 
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that the concentrate was coated onto comprised 2.5 Kg of 3.2 mm to 6.4 mm coarse 
oreand2.5Kgof6.4mmto 12.7 mm coarse ore. Themixtureof the two sizes of 
chalcopyrite ore were coated with the high grade concentrate by rolling the ore in a 
drum at about 30 rpm, while spraying with 10% H 2 SO< as was used in Example I. 
5 The dry concentrate was spread over the wetted tumbling plurality of ore substrates as 

was done is Example 1. 

The coated substrates were placed into an 8.0-cm glass column. The column 
was wrapped with electrical resistive heating tape to insulate the column and help 
control the temperature. The temperature was monitored by a thermocouple taped to 
10 the outside of the column and a glass thermometer in the center top of ore in the 

column. An additional 100 g of the uncoated ore from 6.4 mm to 12.7 mm was used 
to cover the coated ore material. This uncoated ore formed a layer about 2 cm thick 
that covered the coated substrate and acted as an insulating layer to prevent heat loss 
at the top of the bed. 

15 Air and liquid were introduced into the top of the column as was done in 

Example 1. The air was heated by bubbling through heated water and a heated 
stainless steel tube as was done in Example 1. The liquid exiting the column was held 
in a heated beaker as described in Example 1. 

From the first day the temperature of the column was maintained at 70°C 
20 while four liters of a solution having apH of 1.0 were circulated through the column 
at a flow rate in excess of one liter per day. The solution used in connection with this 
example was different than it was in Examples 1 and 2. This media used in this 
example comprised 0.2 g/1 (NH^SCU, 0.4 g/1 MgS0 4 -7H 2 0, 0. 1 g/1 K 2 HP0 4 , 0.1 g/1 
KC1. The high concentration of acid used to coat the coarse ore support rapidly 
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adjusted the pH of the coated ore to below 1.6. On the second day the column was 
inoculated with the same culture of extreme thermophiles (Acidianus brierleyi (DSM 
strains 1651 and 6334), Acidianus infernus (DSM strain 3191), Sulfolobus 
acidocaldarius (ATCC strain 49426), and Sulfolobus metallicus (DSM strain 6482)) 
5 that was used to inoculate the column of Example 2. This mixed culture of extreme 
thermophiles was recovered from the take down of the column in Example 1. 
Bacteria can be recovered after the biooxidized concentrate is washed from the 
support material. The slurry of stripped concentrate is allowed to settle overnight. 
The cloudy liquid can have high levels (10 7 or more bacteria per ml) of bacteria that 
10 can be used to inoculate directly or that can be centrifuged to form higher 
concentrations of bacteria. 

The pH of the process leach solution added to the top of the column was kept 
betweenapH of 1.1 and 1.3. ThepH of the off solution was generally between 1.3 
and 1.6. The copper and iron levels in solution were determined once or twice a 
1 5 week. Solution was removed from the system and replaced with new solution 
containing the nutrient mixture. This was done for the same reason as it was in 
Example 1, namely to keep below the toxic level of copper until the microorganisms 
had time to adapt to high copper concentrations. 

The major difference between the experiments in Examples 1 and 2 and the 
20 present one is the use of a sulfate media to which no chloride had been added. 

The extent of copper and iron leaching was estimated by determination of the 
copper and iron concentrations in the off solution, and are plotted against time in 
Figure 8. 
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EXAMPLE 7 

Another concentrate was made from the minus 3.2 mm fraction of San Manuel 
ore. The same procedure was used as was described in Example 4. This bulk pyrite- 
chalcopyrite concentrate was 7.3% copper, 27.4% iron, and over 30% sulfide sulfur. 
5 Thus, this concentrate contained approximately twice the amount by weight of pyrite 
as it did chalcopyrite. Unlike Example 4, the 443.1 g of this concentrate were coated 
onto chalcopyrite ore that comprised 2.5 Kg of 3.2 mm to 6.4 mm ore and 2.5 Kg of 
6.4 mm to 12.7 mm ore. The mixture of the two sizes of chalcopyrite ore were coated 
with the low grade concentrate by rolling the ore in a drum at about 30 rpm, while 
10 spraying with 10% HaSO* as was used in this Example 1 . The dry concentrate was 
spread over the wetted tumbling plurality of coarse ore substrates as was done in 
Example 1. The final water content of the coated coarse ore particles was 
approximately 3% by weight. Furthermore, without considering the exposed sulfide 
mineral particles in the ore support material, the concentrate coated ore contained 
1 5 approximately 2.5% exposed sulfide sulfur. 

Because the chalcopyrite concentrate was lower grade than in the previous 
examples, the amount of copper that was in the concentrate was about the same as the 
amount of copper that was in the ore support rock (54.2% of the copper was in the 
coated concentrate and 45.8% was in the ore support rock). 
20 The coated substrates were placed into an 8.0-cm glass column. The column 

was wrapped with electrical resistive heating tape to insulate the column and help 
control the temperature. The temperature was monitored by a thermocouple taped to 
the outside of the column and a glass thermometer placed in the center of the ore in 
top of the column. An additional 100 g of the uncoated ore from the 6.4 mm to 12.7 
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nun fraction was used to cover the coated ore material. This uncoated ore formed a 
layer about 2cm thick that covered the coated substrate and acted as an insulating 
layer to prevent heat loss at the top of the bed. 

Air and liquid were introduced into the top of the column as was done in 
5 Example 1 . The air was heated by bubbling through heated water and a heated 

■c ^^1* 1 The liauid exiting the column was held 
stainless steel tube as was done in Example 1 . Ttie uquia exiling 

in a heated beaker as described in Example 1. 

From the first day the temperature of the column was maintained at 70»C 
while four liters of solution having a pH of 1 .0 were circulated through the column at 
a flow rate in excess of one liter per day. In this example the solution was the same as 
M was in Examples 1 and 2. The media comprised 0.16 g/1 NEUC1, 0.326 g/1 MgCl- 
0.1 g/1 K 2 KP0 4 , and 0.1 g/1 KCl. The high concentration of acid used to coat 
the concentrate on the ore support rapidly adjusted the pH to below 1.8. On the 
second day the column was inoculated with the same culture of extreme thermophiles 
iAcidianus brierleyi (DSM strains 165 1 and 6334), Acidianus in/emus, (DSM strain 
3191), Sulfolobus acidocaldarius (ATCC strain 49426), and Sulfolobus metallic 
(DSM strain 6482)) that was used to inoculate the column of Example 2. This mixed 
culture of extreme thermophiles was recovered from the take down of the column in 
Example 1 . Bacteria can be recovered after the biooxidized concentrate is washed 
20 from me substrate. The slurry of stnpped concentrate is allowed to settle overnight. 
The cloudy liquid can have high levels (10 7 or more bacteria per ml) of bacteria mat 
can be used to inoculate directly or that can be centrifuged to form higher 
concentrations of bacteria. 
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The pH of the process leach solution applied to the top of the column was kept 
between a pH of 1.1 and 1.3. The pHofthe off solution was generally between 1,3 
and 1 .6. The copper and iron levels in solution were determined once or twice a 
week. Solution was removed from the system and replaced with new solution 
5 containing the nutrient mixture. Tins was done for the same reason as it was in 

Example 1, namely to keep below the toxic level of copper until the microorganisms 
had time to adapt to high copper concentrations. 

The major difference between the experiments in Examples 1 and 2 and the 
present one is the use of a low-grade bulk pyrite-cbalcopyrite concentrate. The 
10 presence of pyrite can increase the rate of chalcopyrite leaching by galvanic 

interaction. This example is also different than Examples 4 and 5 because bioleaching 
was done at 70°C from the start and the heap was inoculated with the same culture of 
extreme thermophiles as used in Examples 1, 2, and 6. 

The extent of copper and iron leaching was estimated by a determination of 
15 the copper and iron concentrations in solution, and are plotted against time in Figure 
9. The copper leaching slowed after leaching the equivalent of the amount of copper 
that was estimated to be contained within the bulk concentrate coated on the ore. This 
was 54.2% of the total copper in the column and was leached before day 40 of the 
experiment. The remaining copper, believed to be from the support copper ore 

20 leached at a slower rate from day 40 on. 

Although the invention has been described with reference to preferred 
embodiments and specific examples, those of ordinary skill in the art will readily 
appreciate that many modifications and adaptations of the invention are possible 
without departure from the spirit and scope of the invention as claimed hereinafter. 
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